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Abstract Forecasting space weather is an essential activity for increasing the resilience of modern
technological infrastructure to hazards from the Sun. To provide an accurate forecast, space weather
monitors positioned at L5 are proposed that carry in situ plasma detectors. Here we use data from
the STEREO and ACE missions to investigate how well it is possible to predict the solar wind when there
are two spacecraft located with the same longitudinal separation as from L5 to Earth. There are four
intervals when this is the case: STEREO-to-STEREO both on the Earth’s side and the far side of the Sun,
STEREO-B to ACE and ACE to STEREO-A. We forecast the solar wind by mapping the observed solar wind
at the ﬁrst spacecraft to the second using a time delay calculated using the spacecraft’s heliographic
longitudinal separation and the diﬀerence in radial distance from the Sun, allowing for the solar wind speed.
Using forecasting skill scores, we ﬁnd that the predicted and observed solar wind data are, in general,
in very good agreement with each of the four periods, including observed corotating interaction regions.
However, there are some notable exceptions when corotating interaction regions have been missed by
the forecast. The skill improves further for all time periods when removing coronal mass ejections, which
cannot be predicted in this method. We suggest that an L5 monitor should be located at the same
heliographic latitude as the Earth to optimize the forecasting ability of the monitor and to reduce
the chance of missing important events.
Plain Language Summary A space weather monitor spacecraft has been proposed away from
the Earth’s viewing direction, which is likely to help improve the warning of solar events that could be
heading towards Earth. In this study, we investigate whether such a spacecraft can improve our predictions
of important physical values that are associated with the solar wind. To do this, we use times when two
spacecraft have previously been in similar locations with respect to each other and map each value from
one spacecraft to the other, making several important considerations relating to the spacecraft’s motion
and the movement of the plasma that they are embedded within. We have used “skill scores,” which are
used to assess weather forecasts to quantify how well our forecast performs. We ﬁnd that a spacecraft
at this location predicts almost all important values better than relying on a spacecraft at L1. This means
that a detector of these parameters is essential for when the mission is commissioned.
1. Introduction
Space weather forecasting has been taken up by many global forecasting institutes, including the
UKMet Oﬃce and NOAA in the United States. Themain forms of solar activity that drive severe spaceweather
and that are considered key to mitigating hazards at Earth are as follows: eruptions of plasma and mag-
netic ﬁeld, known as coronal mass ejections (CMEs); compression regions caused by fast solar wind catching
up to slower wind ahead of it, known as corotating interaction regions (CIRs); high-speed streams originat-
ing from coronal holes; and high-intensity bursts of radiation and energetic particles associated with solar
ﬂares and fast CMEs with strong interplanetary shocks (e.g., Klein & Dalla, 2017). CMEs and CIRs cause com-
pressions in the solar wind and heliospheric magnetic ﬁeld, which can inﬂuence the Earth’s magnetosphere
(Dungey, 1961) and cause hazards for humans and human technology in near-Earth space and at the surface
(Hapgood, 2011).
CIRs and the irregular but more intense CMEs cause geomagnetic storms that can increase the energy and
density of radiation belt electrons and protons, which in turn can degrade the performance of satellites
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and may cause permanent damage to them. Geomagnetic storms also cause intense ionospheric currents
that lead to geomagnetically induced currents in high-voltage or otherwise highly conducting infrastruc-
ture on the ground. The changing conditions in the solar wind thus constitute one of the main components
of space weather and pose a risk to space-based and ground-based technological critical infrastruc-
ture. The ﬁnancial cost of space weather to the world economy is still debated, but recent studies
(e.g., Eastwood et al., 2017; Oughton et al., 2016) have estimated that a severe spaceweather event could cost
up to 333.7 billion dollars.
In order to provide space weather forecasts with a longer lead time, several mission concepts have been pro-
posed. Some of themission concepts propose to utilize the L5 point, located 60∘ behind the Earth in its orbit,
meaning that a spacecraft located at L5will pass over the same region of the solar surface as the Earth about 4
to 5 days before the Earth. Any solar wind features determined by source region, for example, the large-scale
solar wind stream structure, especially CIRs, will thus hopefully be observed at L5 4 or 5 days in advance of
arriving at Earth. Suggestedmissions included the Earth-Aﬀecting Solar Causes Observatory (Gopalswamy et
al., 2012), Instant (Lavraud et al., 2014), and Carrington (Trichas et al., 2015). The beneﬁts of such a mission
are as follows: a side-on view to more accurately track Earth-directed CMEs and predict their arrival time, an
early view of active regions on the Sun to deduce the probability of a CME being released towards Earth, the
impact of a CIR on the probe at L5 before it rotates to Earth could give an early warning of intense CIRs arriv-
ing at Earth and magnetogram images, or magnetographs of the east limb of the Sun could help to improve
magnetohydrodynamics models of the solar corona and solar wind (Auchere & Gopalswamy, 2014).
The STEREO spacecraft have often been used to give stereoscopic observations of CMEs to predict whether
or not they will hit Earth (e.g., de Koning & Pizzo, 2011; Mishra & Srivastava, 2013; Tucker-Hood et al., 2015).
However, STEREO also gives us an excellent opportunity to investigate how a monitor at L5 could be used
to improve space weather forecasting. STEREO-A and STEREO-B were launched in 2006 and have drifted
ahead/behind Earth within its orbit. In late 2009, STEREO-B crossed the L5 point 60∘ behind Earth in its orbit,
providing anopportunity to compare data from the regionof L5 to near-Earth space (Turner & Li, 2011). Turner
and Li (2011) used cross-correlations of a number of heliospheric parameters between STEREO and ACE over
a 1-year period during the solar minimum in 2008 to 2009. They showed that the solar wind speed is themost
predictable from L5 with a time oﬀset of 71 hr during this period. There were also positive correlations for
solar wind density andmagnetic ﬁeld strength. Miyake et al. (2005) computed the correlation of L5 data with
a nonsolar wind speed-corrected time lag and compared this to data from L1, one solar rotation previously.
They found that the correlation from L5 was signiﬁcantly improved compared to that from L1 27 days before.
A simulation of the solar wind at ACE was produced by Simunac et al. (2009) by extrapolating data from L5
and including the eﬀect of the solar wind speed between the radius of STEREO-A and that of ACE (STEREO-A
orbits with a smaller radius than ACE, which has a smaller orbital radius again than STEREO-B). They then
compared their simulation with data from L1 and found a good correlation, mostly within the uncertainty on
their simulation. However, they did not expand their study to include the whole of the range when STEREO-A
andACEwere 60∘ apart, instead focussing on a shorter period including twoCIRs. In this studywe aim to build
on thework of Simunac et al. (2009) by expanding the time period studied and to include all timeswhen there
have been two spacecraft 60∘ apart from one another in heliocentric orbit. Additionally, we use forecasting
metrics, such as the skill score used in Owens et al. (2013) and adapted frommeteorological forecasting (e.g.,
Roebber, 1998), to assess how well we can forecast the solar wind at L1 from observations at L5. Forecasting
the solar wind conditions at L1 is key for improved space weather forecasts, because the impact of the solar
wind conditions and eruptive events, such as CMEs, CIRs, and high-speed streams, drive space weather at
Earth. Furthermore, CMEs themselves interact with the solar wind so that their evolution and propagation
time are aﬀected. CMEs cannot bepredictedwith thismethodbecause they are transient eventswith lifetimes
shorter than 4 days in the inner heliosphere. CIRs can be predicted because the lifetime of a coronal hole
can be several solar rotation periods. The most severe CIRs can cause space weather eﬀects similar to CMEs
(Denton et al., 2006).
2. Predicting the Solar Wind Using Spacecraft 60∘ Apart
For this study, we ﬁnd times when two spacecraft out of the STEREO-A, STEREO-B, and ACE collection have
a heliographic longitude separation of 60∘. As the STEREO spacecraft move apart from one another and ACE
with time, we select a 10∘ interval when the spacecraft are separated by heliographic longitudes of 55∘–65∘
THOMAS ET AL. 2
Space Weather 10.1029/2018SW001821
Figure 1. A schematic (in the ecliptic plane) of the spacecraft positions for the four time periods when there are two
spacecraft approximately 60∘ apart, which can be used to approximate the L5–L1 conﬁguration. In this diagram
the Sun and solar wind rotate in an anticlockwise direction.
to simulate the L5 to L1 distances. Between 2006 and the present, there have been four periods when two
spacecraft have been within this angular separation of one another. Each of these situations are shown in
Figure 1 and are as follows: (a) STEREO-B to ACE, (b) ACE to STEREO-A, (c) STEREO-B to STEREO-A, and (d)
STEREO-A to STEREO-B (the opposite side of the Sun to Earth). In each of these cases, we predict the solarwind
at the second spacecraft (analogous to L1) from the data at the ﬁrst (analogous to L5), in a similar manner to
Simunac et al. (2009).
Tomap the observed solar wind parameters from one spacecraft to the other, we ﬁrst account for the longitu-
dinal separation of the two spacecraft and then add an additional displacement due to the diﬀerence in radial
position. First, we consider the time delay between the spacecraft. For each spacecraft we simply apply a time
diﬀerence to the data from the ﬁrst spacecraft, which corresponds to the time taken for the source region
on the Sun to rotate from facing the ﬁrst spacecraft to the second. The solar rotation period at the equator
is assumed to be 27 days. Thus, the time taken for solar wind from a particular source region on the Sun to
be observed at L5 until solar wind from the same region is observed at L1 is, on average, around 4.5 days. We
note that this time diﬀerence increases with time as the spacecraft separation in longitude increases.
Second, we account for the distance from the Sun by using the diﬀerence in radial distance divided by the
solar wind speed. Combining the longitudinal separation (with time) and the radial separation terms results in
equation (1), derived ﬁrst by Simunac et al. (2009) but applied here to the heliographic longitude rather than
Carrington longitude. Here 𝜙mod(t) is themodelled longitude of the time-shifted data, 𝜙obs(t) is the longitude
of the spacecraft taking the role of the L5 monitor, Ω is the angular speed of rotation of the Sun, vsw is the
solar wind speed measured by the L5 monitor, Robs is the radial distance from the Sun of the L1 monitor, and
Rmod is the radial distance of the L5monitor. 𝜖 is an error term included to account for the potential diﬀerence
in latitude of the two spacecraft.
Φmod(t) = Φobs(t) −
ΩSun(Robs − Rmod)
vsw
+ 𝜖 (1)
The derived change in heliographic longitude is then converted into the time taken for the solar wind to get
from the leading spacecraft to the trailing using the angular solar rotation speed. The total time taken for solar
wind from a given source to be observed at the ﬁrst spacecraft and then the second is thus these converted
times plus the diﬀerence in time due to the heliographic longitudinal separation of the two spacecraft calcu-
lated simply bymultiplying the angular separation of the two spacecraft, which changes by time, by the solar
rotation rate,Ω.
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The calculations of the time delay from the ﬁrst spacecraft to encounter the solar wind to the second are
thus computed for all four scenarios outlined in Figure 1. These are then applied to the data from the ﬁrst
spacecraft to compare with the second. This way we expect to observe long-lasting solar wind features, such
as CIRs, in both data sets simultaneously (when including the time-delay) but not more local and impulsive
events such as CMEs as these frequently only cross one of the two spacecraft. There are, however, some key
assumptions with mapping data between the spacecraft in this manner. The method assumes that both the
evolution of the Sun and the solar wind do not change within the time taken from the solar wind source
to rotate from being connected to one spacecraft to the other. This assumption is reasonable as most solar
regions do not appear or disappear on timescales less than one solar rotation, although active regions, for
example, do change shape more rapidly on these spatial and temporal scales (e.g., Scrijver & De Rosa, 2003).
Second, the rate of change of solar activity is aﬀected by the solar cycle and so our predictions are likely to be
most accurate when the Sun’s activity is not changing much with time (i.e., at solar minimum and not when
the Sun is quickly increasing or decreasing with activity).
We apply the calculated time delays to several important solar wind parameters; the solar wind speed (|v|),
plasma density (np), plasma temperature (Tp), magnetic ﬁeld strength (|B|), and the north-south component
of the magnetic ﬁeld (Bz), each in hourly resolution. Skill scores are used to quantitatively assess the perfor-
mance of ourmapping technique. These are adapted from those used to deduce the performance of weather
forecasts. We compare the prediction of solar wind conditions from 60∘ ahead with the conditions from one
full solar rotation (360∘) previous to the period.
We also compute the cross-helicity, 𝜎C , from the 5-min solar wind velocity andmagnetic ﬁeld components as
a proxy for the locations of increased large amplitude Alfvénic ﬂuctuations. The 5-min resolution is necessary
to investigate the data for times of Alfvén wave activity (e.g., Mattheaus & Goldstein, 1982, Wicks et al., 2013),
whichﬂuctuates the solarwindvelocity andmagnetic ﬁeld vectors substantially on this timescale. To compute
the cross-helicity mathematically, the magnetic ﬁeld values are ﬁrst normalized into Alfvén speed units by
equation (2), where 𝜇 is the permeability of the vacuum, ni is the solar wind ion number density, andmi is the
ion mass.
BA =
B√
4𝜋𝜇nimi
(2)
The cross-helicity, 𝜎C , can then be found from equation (3), where 𝛿v is the diﬀerence between consecutive
solar wind velocities and 𝛿BA is the diﬀerence between consecutive magnetic ﬁeld values.
𝜎C =
2|𝛿v⃗.𝛿B⃗A|
𝛿v2 + 𝛿B2A
(3)
𝜎C is calculated and then normalized via equation (3) such that the maximum 𝜎C , and the remainder of the
data is scaled accordingly (as was also implemented in Thomas et al., 2014). A 1-hr average of the modulus of
𝜎C is taken. This is so that we are able to still detect Alfvén waves, but the small-scale ﬂuctuations are not so
extreme for the purposes of this study (large ﬂuctuations over a few minutes are unlikely to be forecastable
over such large distances between the two spacecraft).
Alfvén waves are likely to be sustained in similar locations as the Sun rotates and are thus more predictable
than Bz , and can inﬂuence the Earth’s magnetosphere when they impact from the solar wind (Tsurutani et al.,
2006). The cross-helicity also allowsus to investigate thepresenceof large-amplitudeAlfven´waves in the solar
wind, which could act to scatter high-energy particles such as solar energetic particles and galactic cosmic
rays (e.g., Lazarian, 2016).
3. Using Meteorological Skill Scores to Measure Predictability in Solar Wind
To quantify the performance of our solar wind forecasts, we use meteorological skill scores, as presented by
Owens et al. (2013) who used the skill scores to assess the performance of their 27-day persistence solar wind
forecasts. To calculate the skill of a forecast, the mean square error (MSE) of the forecast with respect to the
observations must ﬁrst be calculated using equation (4) (Roebber, 1998), where N is the number of samples
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in the data, and Xobs and Xmod are the observed values of a heliospheric parameter at a given time in the
observed and translated data series.
MSE = 1
N
N∑
t=1
[Xobs(t) − Xmod(t)]2 (4)
We compute theMSE for all four spacecraft conﬁgurations and for each heliospheric parameter. TheMSEs can
then be used as an input to compute the skill scores in equation (5), whereMSEmod is the MSE calculated for
each heliospheric parameter from equation (3) andMSEref is theMSE calculated for a reference forecast, in this
case a persistence forecast, described below.
Skill = 100
(
1 −
MSEmod
MSEref
)
(5)
The skill score works by having a reference forecast to compare the new forecast to and is thus a measure of
how well the new forecast performs compared to this reference. For the purpose of generating a reference
forecast,Owenset al. (2013) used randomly selected solarwinddata, generated fromaprobability distribution
of each heliospheric parameter that is typical of the solar wind. However, for our study it makes sense to
compare our L5 forecast to the best purely observational solar wind forecasting method we can currently
achieve operationally: a persistence forecast from L1 one solar rotation before, based upon the assumption
that the solar wind does not change from one solar rotation to the next. The persistence forecast uses a time
delay, which is simply calculated as one solar rotation, accounting for the fact that Earth hasmoved in its orbit
during that time. The resulting skill scores have meaning as follows:
1. IfMSEmod =MSEref then the skill scorewill be zero indicating the simulated forecast is equallywell predicting
the observations as the reference.
2. If MSEmod >MSEref then the skill score will be negative indicating that the simulated forecast is performing
less well than the reference.
3. If MSEmod >MSEref then the skill score will be positive indicating that the simulated forecast is performing
better than the reference.
4. If MSEmod >>MSEref then the skill score will tend towards −∞ indicating a very poor forecast.
5. If MSEmod <<MSEref then the skill score will tend towards 100 indicating a very strong forecast.
6. If MSEmod = 0 then the simulated forecast is perfect and the skill score is 100.
From the skill scores deduced from equations (3) and (4) and by analyzing the outputs for each heliospheric
parameter during each time period, we can deduce how our forecasting method from the STEREO data
compares to using data from one solar rotation previously from L1 data.
4. Removal of CMEs From the Data
Previous studies either compared the forecasted data to the observations visually (Simunac et al., 2009), sta-
tistically (Turner & Li, 2011), or for a persistence forecast using skill scores for all available data (Owens et al.,
2013). Here we remove CMEs from within the data set because this method of solar wind forecasting cannot
forecast CMEs because they are transient features on a timescale shorter than a few days, rather than recur-
ring or persistent structures. We instead forecast the ambient solar wind, fast solar wind streams, and CIRs.
A largeCME is likely toonly impact one spacecraft or to impactbothbutwithout the time lagwecalculate from
the solar wind speed and impart on the data. CMEs are often associated with large solar wind compression,
which can, for extreme examples, increase the local solar wind magnetic ﬁeld strength from approximately 5
nT tomore than 50 nT (e.g., Liou et al., 2014; Thomas et al., 2015). Therefore, CMEs will increase theMSE of our
data substantially, having a very signiﬁcant impact on the resulting skill scores.
To remove CMEs fairly, we use CME catalogues created from ACE (Liu et al., 2010; Richardson & Cane, 2010)
and STEREO (Jian et al., 2013; Liu et al., 2010) in situ records. As each CME catalogue is compiled using diﬀer-
ent criteria for the identiﬁcation of CMEs from the in situ data, the Liu et al. (2010) catalogues from STEREO
and ACE/WIND are utilized, with comparisons taken with the Richardson and Cane (2010) and Jian et al.
(2013) catalogues. We ﬁnd CMEs for each spacecraft, for the time period in consideration and for the pre-
vious solar rotation, to ensure consistency between the simulated and reference forecasts. Furthermore, for
each recorded CME we remove all data from the simulated and reference forecasts, as well as the observa-
tions between the onset and ending times of the CME observation at the spacecraft, to ensure that the data
length, N, in equation (4) is constant for all calculations.
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The change in the skill scores from removing the CMEs for most periods is likely to be small for the intervals
displayed in Figure 1, as they are all between 2008 and 2010, when the Sunwas in the deepminimumof Solar
Cycle 24, and hence, there were very few CMEs (Lockwood et al., 2012). The in situ CME catalogues, listed
above, reﬂect this with very few CMEs in any period, and themost of which showing very little enhancements
in the solar wind parameters when observed in situ (with the exception of the intensity of the magnetic ﬁeld
strength observed during 10–13 December 2013). Thus, we expect only a minor variation in the skill scores
for each time periodwith orwithout the CMEs, apart from the relatively short time period betweenNovember
2013 and January 2014.
For use in space weather forecasting using a potential future monitor at L5, the process of ﬁnding CMEs in
the in situ data at L5 must be automated to allow for the swift removal of data from the skill score calculation
procedure. This could be done by looking for “typical” changes in heliospheric parameters caused by CMEs
(e.g.,Webb&Howard, 2012, and references therein) or by tracking such a CME fromheliospheric imagers from
on-board other spacecraft (Savani et al., 2012).
5. Comparing Solar Wind Predictions to Observations
Wenowpresent a comparison between our forecasts from our theoretical L5 spacecraft and the observations
seen at the second spacecraft, 60∘ behind in arrival of solar wind from a static source region on the Sun.
In each time period, we compute forecasts for the hourly radial solar wind speed, |vx|; plasma density, np;
plasma temperature, Tp;magnetic ﬁeld strength, |B|; andnorth-south component of themagnetic ﬁeld,Bz .We
also compute 𝜎C to investigate the predictability of large amplitude Alfven´ waves from 60
∘ ahead in the Sun’s
rotation. Finally, we display the heliographic latitude of each spacecraft to show times when both spacecraft
are sampling solar wind from similar sources but at diﬀerent times, or potentially from diﬀerent sources due
to the large latitudinal separation.
Figure 2 shows the ﬁrst of the comparisons between the propagated and observed parameters, which is sum-
marizedby theorientationof the spacecraft shown inFigure1c. These spacecraftwere55∘–65∘ apart between
11 June and 5 August 2008, and so the data between these dates are displayed. Here we display a number
of heliospheric parameters as measured by STEREO-A (black line) and as forecasted from STEREO-B (red line).
The hourlymaximumof themodulus of the cross-helicity, labelled 𝜎c, for both STEREO-A and STEREO-B is also
given. This maximum is taken as to be able to compute skill scores in the same manner as other heliospheric
parameters and is enhanced during times of signiﬁcant Alfénwave activity. The integrated negative Bz , which
is useful for examining whether it is possible to forecast timings of the solar wind most geoeﬀective mag-
netic ﬁeld conﬁgurations, is next shown, and ﬁnally, the heliographic latitudes of STEREO-A and STEREO-B
are shown, which are color coded in a similar manner as the heliospheric parameters, with STEREO-A in black
and STEREO-B in red. The blue shaded regions show times when a CME was present in the CME catalogues,
and hence, the data within these regions was removed for the ﬁnal skill score calculations (shown in the next
section).
Theperiod analyzedby Simunac et al. (2009) is includedwithin the timeperiodof Figure 2 fromdayof year 183
to 213. During this time period, our predictions from STEREO-B to STEREO-A are in good agreement with their
results as our forecast matches well to the observations throughout the period and is similar to the Simunac
et al. (2009) predictions. This time period included the CIR beginning on day of year 195, which included a
jump in speed of over 100 km/s and density and magnetic ﬁeld enhancements that are indicative of a shock.
We successfully predict the onset time from a spacecraft 60∘ ahead with respect to the Sun’s rotation using
our computed time lags to within 1 hr in the solar wind and magnetic ﬁeld strength here. The timing of our
forecasted CIR is also in good agreement with the forecast of Simunac et al. (2009). Our forecast, similar to
the previous study, also appears to perform reasonably for the CIR beginning on day of year 205, which is
associated with a weaker compression, although it does predict its arrival in the solar wind 2–3 hr early and
the predicted velocity is higher than the measured velocity.
Prior to the time period analyzed by Simunac et al. (2009), the L5 prediction performs a little more incon-
sistently. The ﬁrst CIR in the period is predicted very well with an onset on day of year 168. The intensity
of the peak in each heliospheric parameter is well identiﬁed, and the prediction would have accurately
described the observed event. However, the following CIR, with onset day of year 178, is far less well pre-
dicted from thepreceding spacecraft. The CIR arrives 2 days earlier at STEREO-A than expected fromSTEREO-B
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Figure 2. Time series from 11 June to 5 August 2008 (spacecraft orientation (c) from Figure 1) of, from top,
radial solar wind speed, |Vx|; plasma density, np ; plasma temperature, Tp; heliospheric magnetic ﬁeld strength, |B|;
north-south component of the magnetic ﬁeld, Bz ; cross-helicities for both spacecraft, 𝜎c ; integrated negative Bz ;
and the heliographic latitudes, 𝜙H , of both spacecraft for STEREO-A (measured; black) and STEREO-B (predicted; red)
with a time delay added based on the angular separation and solar wind speed. The shaded regions are times of coronal
mass ejections.
as can be observed for each heliospheric parameter. Furthermore, the intensity of the peak is not well pre-
dicted fromSTEREO-B; the solarwind speed is 50 km/s faster fromSTEREO-Band themagnetic ﬁeldmagnitude
was 7 nT greater.
This issue with the prediction of this CIR is not due to a CME but could instead be due to the large separa-
tion in the spacecraft latitudes throughout this period (approximately 8∘). If a coronal hole boundary has a
diﬀerent longitude at diﬀerent latitudes, then there will be an associate change in timing of CIR arrival as the
spacecraft foot point will enter fast wind at diﬀerent times. Indeed, Gosling et al. (1993) found that CIRs can
have signiﬁcant variation with latitude and so it is likely that the CIR simply had a diﬀerent structure between
these latitudes. Asymmetry of solar activity between the two hemispheres has previously been noted
(e.g., Zou et al., 2014), which could play a role in the diﬀering observations between the two spacecraft when
the two spacecrafts are located on opposing sides of the heliospheric current sheet.
To explain why this event has not been well forecasted from ACE, we examine the source of the CIR at the
Sun, (i.e., the boundary between a source of slow solar wind and a coronal hole). For this purpose, we use
STEREO EUV 195Å data for the dates when the coronal hole was facing both STEREO-A and then STEREO-B
approximately 4 days later. These images are shown in Figure 3. The STEREO-B data (right) indicates that there
is a coronal hole that extends from southeast to northwest at this time, which is consistent with the tim-
ing diﬀerences between the two spacecraft. It is also clear from the images (4 days apart) that the coronal
hole changes shape andweakens in the northern hemisphere, over the interval betweenmeasurements. The
orientation of the coronal hole means that, with the spacecraft approximately 10∘ apart in heliographic lati-
tude, onewould expect the timings to be diﬀerent for the associate CIR reaching the spacecraft. Furthermore,
if the coronal hole is evolving in space, this could introduce further changes to the CIR and its timing
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Figure 3. STEREO EUV 195 Angstrom images of the Sun from STEREO-A and STEREO-B on 18 and 22 June 2018,
respectively, which shows the progression of a large equatorial coronal hole with time.
Figure 4. Time series from 22 September to 30 November 2009 (spacecraft orientation (a) from Figure 1) of, from top,
radial solar wind speed, |Vx|; plasma density, np ; plasma temperature, Tp; heliospheric magnetic ﬁeld strength, |B|;
north-south component of the magnetic ﬁeld, Bz ; cross-helicities for both spacecraft, 𝜎c ; integrated negative, Bz ;
and the heliographic latitudes, 𝜙hel, of both spacecraft for ACE (measured; black) and STEREO-B (predicted; red) with
a time delay added based on the angular separation and solar wind speed. The shaded regions are times of coronal
mass ejections.
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Figure 5. Time series from 2 August to 26 October 2009 (spacecraft orientation (b) from Figure 1) of, from top,
radial solar wind speed, |Vx|; plasma density, np ; plasma temperature, Tp; heliospheric magnetic ﬁeld strength, |B|;
north-south component of the magnetic ﬁeld, Bz ; cross-helicities for both spacecraft, 𝜎c ; integrated negative, Bz ;
and the heliographic latitudes, 𝜙hel, of both spacecraft for STEREO-B (measured; black) and ACE (predicted; red) with
a time delay added based on the angular separation and solar wind speed. The shaded regions are times of coronal
mass ejections.
at the two spacecraft. It should benoted, however, that coronal hole synopticmaps, accessible from theNOAA
website and created from Earth-perspective data, show a coronal hole with a only small extent.
Figure 4 shows the same as Figure 2 but for the scenario when STEREO-B and ACE were 60∘ apart during late
2009 (see Figure 1a), a time period not studied by previous L5-focussed studies. Here the solar wind fore-
cast is mapping from STEREO-B to ACE and is compared to observations from ACE. During this period, there
are four CMEs that are highlighted by the blue shaded regions, although all of which are fairly small events
(Liu et al., 2010). There are also several CIRs both observed by ACE (black line) and forecasted from STEREO-B
(red line). At the start of the time period, the timings and intensities of the CIRs are well predicted, especially
in the solar wind speed. The CIR on day of year 263 is very well matched between the forecast and the obser-
vations. However, the CIR on day of year 283 is forecasted to arrive a few hours earlier than it is observed,
although the intensity in most heliospheric parameters are well matched. During this time period, ACE and
STEREO-B were located at very similar heliographic latitudes, shown by the bottom panel. Later in the time
period, when the spacecraft are far more separated in heliographic latitude, the forecasted solar wind at
STEREO-B is not so well matched to the observations.
Figures 5 and 6 show the same analysis as previous ﬁgures but compare the forecast data from ACE to
observations from STEREO-A between 18 July 2009 and 3 February 2010 (see Figure 1b schematic). As the
two spacecraft were in the range of 55∘–65∘ from each other for approximately 7 months, we split the data
between two ﬁgures. Figure 5, similarly to Figure 4 shows that, in all parameters, the forecast performs much
better during the start of the periodwhen the two spacecrafts were at similar heliographic latitudes than later
in the period due to both spacecraft observing solar wind from the same source on the Sun. Indeed, the CIRs
of days of year 252 and 261 are both very well predicted in timing and intensity from ACE.
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Figure 6. Time series from 26 October 2009 to 3 February 2010 (spacecraft orientation (b) from Figure 1) of, from top,
radial solar wind speed, |Vx|; plasma density, np ; plasma temperature, Tp; heliospheric magnetic ﬁeld strength, |B|;
north-south component of the magnetic ﬁeld, Bz ; cross-helicities, 𝜎c ; integrated negative, Bz ; and the heliographic
latitudes, 𝜙hel, of both spacecraft for STEREO-A (measured; black) and ACE (predicted; red) with a time delay added
based on the angular separation and solar wind speed. The shaded regions are times of coronal mass ejections.
There are, however, a few issues with the forecast from ACE. Shown on Figure 5, the CIR on day of year 235
gave higher values for the solar wind speed, plasma temperature, and magnetic ﬁeld strength at ACE than
at STEREO-A. For example, the solar wind speed from ACE was 150 km/s faster than observed at STEREO-A.
During this period, theCIRdecreased in intensity due to the evolutionof the coronal hole causing the fast solar
wind that has caused the CIR. At this time, Solar and Heliospheric Observatory EUV observations show small
coronal holes in both hemispheres, suggesting that the spacecraft may be sampling compression regions
from diﬀerent CIRs.
The remainder of the time period when ACE and STEREO-A were 55∘–65∘ apart is shown in Figure 6. The CIR
beginning on day of year 327 at STEREO-A is poorly predicted for the solar wind speed from ACE but is pre-
dicted much better in the other heliospheric parameters. The solar wind speed shows an increase from ACE,
which coincides with the increase at STEREO-A and in each of the other solar wind parameters, but increases
to approximately 550 km/s 5 days earlier than similar speeds are observed at STEREO-A. It is likely that ACE,
during this event, observed two consecutive CIRs within 2–3 days of each other, associated with two coronal
holes observed by Solar and Heliospheric Observatory and shown in Figure 6 by the twin peaks in magnetic
ﬁeld strength and plasma temperature, whereas STEREO-A only saw one CIR, from the single coronal hole in
the southern hemisphere at the time. The predictions in the majority of the heliospheric parameters appear
very strong for the remainder of the period as the spacecraft converge at a similar heliographic latitude.
Figure 7 shows the time period not previously considered for solar wind L5 studies, when STEREO-A and
STEREO-Bwere 60∘ apart the other side of the Sun, between November 2013 and January 2014 (see Figure 1d
schematic). During this time, the spacecraft were at a reasonably constant heliographic latitude separation of
6∘–7∘. There are two CMEs removed from the data using the CME catalogues. The ﬁrst, on day of year 340, is
a particularly intense CME in all heliospheric parameters at STEREO-A and hence could give a huge error in
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Figure 7. Time series from 23 November 2013 to 8 January 2014 (spacecraft orientation (d) from Figure 1) of, from top,
radial solar wind speed, |Vx|; plasma density, np ; plasma temperature, Tp; heliospheric magnetic ﬁeld strength, |B|;
north-south component of the magnetic ﬁeld, Bz ; cross-helicities, 𝜎c ; integrated negative, Bz ; and the heliographic
latitudes, 𝜙hel, of both spacecraft for STEREO-B (measured; black) and STEREO-A (predicted; red) with a time delay added
based on the angular separation and solar wind speed. The shaded regions are times of coronal mass ejections.
the MSE of the forecast leading to degradation in the skill score. There are also several CIRs during this time
period, most notably the steepest and most intense CIR on day of year 355. The solar wind compression is
observed earlier at STEREO-A (with the time delay included) than at STEREO-B. This early increase is also colo-
cated with signiﬁcant spikes in the plasma density and magnetic ﬁeld, which could indicate the presence of
a shock ahead of the main structure of the CIR (e.g., Gosling & Pizzo, 1999).
Although, generally the cross-helicity and integrated negative Bz are enhanced at the same times for the fore-
casted and observed data at the second spacecraft in each of Figures 2–7, small-scale structures in the data,
such as spikes and short ﬂuctuations in sign, are not well forecasted. With such quickly varying parameters,
it is diﬃcult to correctly forecast these short ﬂuctuations without signiﬁcant time averaging. The forecasts,
for example, in Figure 2, do show promise in forecasting the timing and amplitude of Alfvén waves and Bz
from one spacecraft to the next; such observations will now be quantiﬁed via the use of skill scores for each
heliospheric parameter and each time period.
6. Analysis of Forecasting Skill
To quantify the ability of the forecasts from L5 to L1, we compute skill scores using equations (4) and (5)
(Owenset al., 2013) for eachof theheliospheric parameters shownonFigures 2–7. The skill scores arededuced
without the inclusion of CMEs that are indicated by shaded regions in the ﬁgures and provide a comparison to
a persistence forecast using data from the same spacecraft 27 days before, as the best solar wind forecasting
using purely in situ measurements. Previously, this comparison has only beenmade by correlating solar wind
parameters (Miyake et al., 2005) but no estimates have been made of forecasting skill.
In Table 1, we present the skill scores of each parameter during each spacecraft combination with the CMEs
removed from the data. We remove these as CMEs cannot be forecasted using this method as they will either
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Table 1
Skill Scores for Key Heliospheric Parameters Calculated for Each of the Spacecraft Conﬁgurations Displayed in Figure 1
Parameter St-B to St-A St-B to ACE ACE to St-A St-A to St-B Total
|Vx| −6.59 +34.07 +39.53 +55.11 +34.07
np +21.57 +21.08 +18.06 −0.90 +12.13
Tp −19.88 +18.65 +17.15 +37.02 +18.65|B| +10.84 +11.07 +19.68 +23.74 +17.46
Bz +1.80 +2.39 +8.71 +1.98 +3.76
𝜎C +50.61 +43.20 −17.15 +4.12 +35.89
IntBz +1.27 −7.20 +4.13 −25.96 −10.56
Note. Coronal mass ejections have been removed from the data before the skill scores are calculated. The total is for all
spacecraft conﬁgurations combined.
interact with only one of the spacecraft or interact with both at a similar time. We ﬁrst concentrate on the
top ﬁve rows. The ﬁrst thing to note from Table 1 is that the majority of skill scores are positive indicating
that the forecasts from 60∘ ahead in orbit are stronger than the persistence forecast from one solar rotation
previously. Although this is expected, it is worth noting that a number of the skill scores are strongly in the
positive (e.g., STEREO-B to STEREO-A solar wind speed has a skill score of +55.11) indicating that our forecast
is considerably better than persistence. Note that the maximum skill score obtainable is +100. Additionally,
for each parameter we calculate the skill scores for all of the time periods combined. These are displayed in
the right-hand column of Table 1. For each of the top ﬁve heliospheric parameters, we ﬁnd an increase in
forecasting skill using an L5 monitor. This is particularly notable for the solar wind speed.
Second, some heliospheric parameters are better forecasted than others; the heliospheric magnetic ﬁeld
strength is positive, and in double ﬁgures, for all of the studied time periods and the solar wind speed, plasma
temperature, plasma density, and cross-helicity are also consistently positive for three of the four periods.
However, Bz is forecast poorly from the 60
∘ separation, with most values near to zero, indicating no improve-
ment from the persistence forecast. Bz has been found to be very diﬃcult to predict in the solar wind for one
solar rotation ahead (Turner & Li, 2011) especially at solar minimum (Owens et al., 2013). It is also known to
change on short timescales in the solar wind without the presence of CMEs (Zhang et al., 2014) and so such a
result may be expected.
Skill scores for the cross-helicity and the integrated Bz are also calculated. The cross-helicity is a good indica-
tor of the presence of Alfvén waves and the integrated Bz gives an indication of how geoeﬀective the solar
wind could be at any time. The cross-helicity is well predicted overall, with a skill score, for all the periods
combined, of +35.89. It is very well predicted between STEREO-B and ACE (+43.20) and between STEREO-B
and STEREO-A (+50.61), but poorly predicted between STEREO-A and STEREO-B (−17.15). From examining
time series of the persistence and forecasts for the periods with the weaker skill (not shown), it appears that
there are strong ﬂuctuations observed from the ﬁrst spacecraft, showing the presence of Alfvén waves, that
are out of time with those observed at STEREO-B and hence are increasing the error. There is also a large ﬂuc-
tuation in the forecasted data from STEREO-A on day of year 351, which coincides with a data gap in the solar
wind speed data from STEREO-B, which could account for an increasedMSE for the forecast. On averaging the
cross-helicity to a longer time series, it is likely that skill scores would improve but small wave trains will be
lost in the averaging process. The integrated Bz , however, is much more poorly predicted with a total skill of
−10.56. This further eludes to the idea that Bz is very diﬃcult to predict.
We note that the skill scores are very diﬀerent for each of the three spacecraft orientations studied. This
diﬀerence arises due diﬀerences in the time the data were taken and the location of the spacecraft. The
ﬁrst three columns in Table 1 solar minimum conditions during 2008 and 2009, whereas the STEREO-A to
STEREO-B case was in 2013 and 2014, during the weak solar maximum. Furthermore, the ACE to STEREO
examples were approximately a year after the STEREO-B to STEREO-A example and so are sampling diﬀer-
ent solar wind conditions. Diﬀerences between STEREO-B and ACE and ACE and STEREO-A are due to the
fact that they do not cover exactly the same time period due to their orbital motion with respect to Earth,
and due to changes in the solar wind as it rotated between STEREO-A and STEREO-B. The time period most
poorly forecasted fromL5was 2008 inmost heliospheric parameters. Thiswasmostly inﬂuencedby thepoorly
predicted CIR on day of year 178, addressed above, which was better predicted using the persistence fore-
cast. Skill during each of the periods was also inﬂuenced by the solar wind conditions sampled. For example,
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the negative skill for the plasma density in the STEREO-A to STEREO-B case was cause by the timing of a spike
in the density being narrowly out from the forecast and thus contributing to the MSE twice.
A second cause for the diﬀerences between the time periods shown in Table 1 is that the plasma instruments
on STEREO and ACEmay become less well calibrated in time (Kohutova et al., 2016). If the sensitivity of diﬀer-
ent anodes within the instrument changes with time, and this is not corrected for by some kind of onboard
calibration, one can very quickly observe serious errors the direction of the velocity vector. That may cause
errors in cross-helicity (via the 𝛿V term in equation (3) when comparing measurements from two diﬀerent
spacecraft. From Table 1, we see that the skill of forecasting of cross-helicity is much greater in 2008 (+50.61)
than in late 2009 (−17.15) or 2013 (+4.12). The forecasting skill also seems todecreasewith time for theplasma
density. Onewould not expect the same issuewithmagnetometers, whichwould explainwhy the same trend
is not seen in the skill scores of the magnetic ﬁeld. Thus, one would expect the 2008 period to be the most
reliable time period for the cross-helicity skill score calculations, which suggests that large-amplitude Alfvén
waves have predictability, which would be improved from an L5 monitor.
The overwhelmingly positive skill scores overall indicate that, during the four periods when we have two
spacecraft separated by 55∘–65∘, an improved solar wind forecast is possible from L5 compared to using a
persistence forecast (the best we can currently do observationally). The positive skill scores interestingly also
include the cross-helicity, which is an indicator of Alfvén waves. These results could be combined with the
improved forecasting of CMEs from L5 gained from having an additional vantage point in the heliosphere
(Lugaz et al., 2010) to allow for consistently more accurate space weather monitoring.
7. Conclusions
We have investigated the skill of solar wind forecasting using spacecraft separated by 60∘ in heliospheric
longitude to understand if a monitor at L5 could be used to predict the solar wind at Earth. To do this, we
found four separate time periods when there have been two spacecraft 60∘ apart (in a similar arrangement to
amonitor at L5 and Earth) using STEREOandACEdata. Thedata from the leading spacecraftwas thenmapped
onto that of the trailing spacecraft, in the same manner as would be applied from L5 to Earth, allowing for
the spacecraft separation, their diﬀerent distances from the Sun, and the solar wind speed. The method uses
two simple assumptions: (a) that the outﬂow from the source regions do not change on a 5-day timescale
and (b) that the spacecrafts “see” outﬂow from the same source region. We often get good agreement that
suggests that these are often reasonable assumptions.We thus compared time series and skill scores to assess
the quality of our “L5” forecasts and concluded the following:
1. Forecasts produced by mapping data from the ﬁrst spacecraft to encounter solar wind from a particular
source to the next displaymostly positive skill scores for all parameters with respect to a 27-day persistence
forecast. The solar wind speed is particularly well matched. An average skill score of 50 for |V| is found,
implying that a useful forecast of |V| canbemade.On average, however,Bz has a skill score of approximately
0 and so no improvement in forecast can be made from L5 for this parameter.
2. Most CIRs over the four time periods are well predicted in intensity and timing in solar wind speed, plasma
density, temperature, heliospheric magnetic ﬁeld strength, and cross-helicity. Due to the enhancements in
the heliospheric parameters when CIRs cross the spacecraft, if they are mistimed in the forecast, then CIRs
could greatly increase the MSE of the forecast, and hence, the skill scores would be degraded. Given that
we have predominantly positive skill scores from our forecast, it is clear that the CIRs are better predicted
from L5 than using a persistence forecast.
3. There are, however, some events less well predicted by the forecast. For example, the CIR observed at
STEREO-A on day of year 178 (27 June 2008) was very poorly predicted in most solar wind parameters
(see Figure 2). This was due to the large latitudinal separation of the two spacecraft. Such a large diﬀerence
in separation means that any unusually shaped coronal hole in latitude could result in the fast solar wind
rotating into the spacecraft’s path at diﬀerent times. Furthermore, source regions on the Sun could evolve
in time 4–5 days between the spacecraft encountering solar wind streams.
4. Cross-helicity, and thus large-amplitude Alfvénwaves, is well forecasted from L5, particularly for the earliest
time periods. This is likely due to the accuracy of the plasma instrument decreasing with time, as sug-
gested by previous work. Any operational space weather mission plasma instruments thus would need to
be designed in order to maintain the accuracy of the plasma measurements including the velocity vector
as well as speed.
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5. We suggest that an L5 monitor should be located at the same heliographic latitude as Earth, if possible,
to optimize the forecasting ability of the monitor and to reduce the chance of missing important events.
This is because the accuracy of the forecasts from L5 is degraded when the spacecraft are highly separated
in latitude.
In general, our results show that an L5monitor would improve the forecasting skill of the solar wind and CIRs
compared to using data fromone solar rotation previously. This informationwill combinewith improvements
in the predictability of CMEs from having an extra heliospheric vantage point (Lugaz et al., 2010) to improve
space weather forecasting.
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